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Schizophrenia is a complex mental disorder caused by an interplay between genetic and
environmental factors, including early postnatal stressors. To explore this issue, we use
two rat lines, apomorphine-susceptible (APO-SUS) rats that display schizophrenia-relevant
features and their phenotypic counterpart, apomorphine-unsusceptible (APO-UNSUS) rats.
These rat lines differ not only in their gnawing response to apomorphine, but also in
their behavioral response to novelty (APO-SUS: high, APO-UNSUS: low). In this study,
we examined the effects of early postnatal cross-fostering on maternal care and on
the phenotypes of the cross-fostered APO-SUS and APO-UNSUS animals later in life.
Cross-fostered APO-UNSUS animals showed decreased body weights as pups and
decreased novelty-induced locomotor activity as adults (i.e., more extreme behavior),
in accordance with the less appropriate maternal care provided by APO-SUS vs. their
own APO-UNSUS mothers (i.e., the APO-SUS mother displayed less non-arched-back
nursing and more self-grooming, and was more away from its nest). In contrast,
cross-fostered APO-SUS animals showed increased body weights as pups and reduced
apomorphine-induced gnawing later in life (i.e., normalization of their extreme behavior), in
line with the more appropriate maternal care provided by APO-UNSUS relative to their own
APO-SUS mothers (i.e., the APO-UNSUS mother displayed more non-arched-back nursing
and similar self-grooming, and was not more away). Furthermore, we found that, in addition
to arched-back nursing, non-arched-back nursing was an important feature of maternal care,
and that cross-fostering APO-SUS mothers, but not cross-fostering APO-UNSUS mothers,
displayed increased apomorphine-induced gnawing. Thus, cross-fostering not only causes
early postnatal stress shaping the phenotypes of the cross-fostered animals later in life,
but also affects the phenotypes of the cross-fostering mothers.
Keywords: cross-fostering, early-postnatal stress, schizophrenia, apomorphine-susceptible/apomorphine-
unsusceptible rats, maternal care, apomorphine-induced gnawing, novelty-induced locomotor activity, (non-)
arched-back nursing
INTRODUCTION
Schizophrenia is a severe and complex mental illness with a
neurodevelopmental origin. It affects approximately 1% of the
general population (Insel, 2010), and is thought to result from
an interplay between genetic and environmental factors (Sullivan
et al., 2003; Tsuang et al., 2004). Previous studies have suggested
that exposure to environmental risk factors during childhood,
such as disrupted families and malnutrition, may lead to an
increased risk of developing schizophrenia in adulthood (Galletly
et al., 2011; Fryers and Brugha, 2013). Gene-environment inter-
actions are difficult to study in humans due to the relatively
large genetic variation, the timing of the events (i.e., early-life
adversity determines late onset of the disease), the variability in
the environment and the ethical issues involved in changing the
environment (van Os et al., 2010). Animal models allow the study
of such interactions in a well-controlled experimental setting at
both the genetic and environmental level (Ayhan et al., 2009; Karl,
2013).
In order to investigate the interplay between genetic factors
and postnatal stressors, we have used the apomorphine-
susceptible (APO-SUS) rat line and their phenotypic counter-
part, the apomorphine-unsusceptible (APO-UNSUS) rat line
(Ellenbroek et al., 1995). APO-SUS and APO-UNSUS rats have
been bred on the basis of their behavioral response to a sub-
cutaneous (s.c.) injection of the dopamine D1/D2 receptor ago-
nist apomorphine (Ellenbroek and Cools, 2002). With respect
to this gnawing response, both APO-SUS and APO-UNSUS
rats are extremes within a normal Wistar rat population; com-
pared to Wistar rats, APO-SUS rats show a high behavioral
response to apomorphine, whereas APO-UNSUS rats show a
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low response to apomorphine (Cools et al., 1990). APO-SUS
and APO-UNSUS rats are also extremes in their locomotor
response to novelty (Cools et al., 1990). Importantly, APO-
SUS animals display various other schizophrenia-relevant features
as well (for review: Ellenbroek and Cools, 2002), including
an increased behavioral response to amphetamine (van der
Elst et al., 2007), disturbed prepulse inhibition (Ellenbroek
et al., 1995; Chung et al., 2011), diminished latent inhibition
(Ellenbroek et al., 1995) and an increased endocrine, dopamine,
and subsequent behavioral response to (environmental) chal-
lenges (Cools et al., 1990; Rots et al., 1995; van der Elst et al.,
2005).
Maternal care has been shown to change behavioral and
endocrine responses to stressors in various animal models
(Caldji et al., 1998; Francis et al., 1999; Sequeira-Cordero
et al., 2013). Ellenbroek et al. (2000) have previously shown
that cross-fostering reduces apomorphine-induced gnawing in
APO-SUS, but not in APO-UNSUS rats. However, cross-
fostering-induced changes in the maternal care and pheno-
types other than the gnawing behavior of these rats have
not been investigated. Given the individual-specific behav-
ioral responses to environmental stressors, we hypothesized
that exposure of APO-SUS and APO-UNSUS mothers to pups
of a different phenotype results in individual differences in
maternal care. Here, we performed a detailed cross-fostering
study, including a systematic analysis of the maternal care
provided by APO-SUS and APO-UNSUS mothers while cross-
fostering, and received by the cross-fostered pups. In addi-
tion to the effects of cross-fostering on apomorphine-induced
gnawing, we also explored the effects of cross-fostering on
novelty-induced locomotion. Finally, we studied whether cross-
fostering alters the phenotypes of the APO-SUS and APO-UNSUS
mothers.
MATERIALS AND METHODS
ANIMALS
All experiments were performed in accordance with institutional,
national and international laws and guidelines for animal care
and welfare and the experiments were approved by the Radboud
University Nijmegen Ethical Committee on Animal Experimenta-
tion (RU-DEC). Rats were bred in the Central Animal Laboratory
of the University of Nijmegen according to methods described
by Cools et al. (1990). Briefly, Wistar rats were subjected to a
1.5 mg/kg apomorphine injection (s.c.), after which they were
exposed for 45 min. to a box designed to measure stereotyped
gnawing (see Cools et al., 1990). This so-called “gnawing box”
was slightly modified from the gnawing box described initially
by Ljungberg and Ungerstedt (1978) and contains 32 holes sur-
rounded by concentric ridges. Gnawing, on these ridges caused
a characteristic vibration that was detected by a microphone,
amplified and converted to digital pulses. The nine highest-
gnawing animals per sex were selected to obtain the first APO-
SUS generation, whereas the nine lowest-gnawing animals per
sex were selected to obtain the first APO-UNSUS generation.
This selection procedure was repeated for 15 generations, after
which the lines were considered stable and no additional apo-
morphine selection tests had to be performed anymore. In this
study, Nijmegen Wistar rats (APO-SUS and APO-UNSUS) of
the 33rd generation of the replicate lines were used; in the pre-
viously performed cross-fostering experiment (Ellenbroek et al.,
2000), the 20th generation of the original lines were used. The
average gnawing score of APO-SUS animals is ∼1750 gnaws in
the present compared to ∼800 gnaws in the previous study by
Ellenbroek et al. (2000). Water and food was available ad libitum
except during behavioral testing. The animals were housed in
Makrolon type III cages (42 × 26.5 × 18 cm) with wood chip
bedding located in temperature and humidity controlled rooms
with a standard 12 h light/dark cycle (lights on from 07:00 h to
19:00 h).
BREEDING
One male and one female rat were placed for one night together
in a special mating cage containing a wire-mesh floor. The next
morning this cage was checked for a copulation plug. When the
plug was found, that day was labeled embryonic day (E) 0. The
pregnant females were housed in isolation and the cages were
cleaned at E15 with great care to avoid stress. From E19 onwards,
cages of pregnant rats were checked three times a day (at 08:00,
12:00 and 16:00 h) for the presence of pups. The day mothers
gave birth to the first pup of their nest (E22 ± 0.03) was labeled
postnatal day (PND)0. Nests which were born after 16:00 h were
considered born at 08:00 h on the following day. Cages were again
cleaned at PND14 and PND21 by only renewing the dirty bedding
outside the nest. Pups were weaned at PND28, after which they
were housed with one or two other rats of the same sex and nest.
The breeding animals were housed together with one or two other
rats of the same rat line and sex.
CROSS-FOSTERING PROCEDURE
In the un-/cross-fostering experiment, at 16:00 h the dams were
removed from their cages for a short period of time (5 min.) and
were put back with their own pups (unfostered) or with pups
from their phenotypic counterpart (cross-fostered) (Ellenbroek
et al., 2000). At the day of weaning (PND28) the pups were
weighed. The average nest sizes of APO-SUS and APO-UNSUS
animals over the last four generations were checked (APO-SUS:
average = 7.5 ± 0.27 pups, n = 113; APO-UNSUS: average =
10.8± 0.26 pups, n = 124). Extreme APO-SUS and APO-UNSUS
nests (i.e., nests that varied more than two pups from their average
nest size) were excluded from the experiment.
SCORING OF MATERNAL CARE
To enable blind scoring of maternal behavior, the identification
labels on the animals’ cages were replaced by non-descriptive
codes. Maternal care scoring was performed five times a day
from PND2 to PND8 during the light phase at 09:00, 12:00 and
16:00 h, and during the dark phase at 06:00 and 20:00 h for a 60-
min. period, using previously described procedures (Myers et al.,
1989; Champagne et al., 2003). Within an observation session,
the ongoing behavior of each litter was observed every 3 min.
(20 observations per session). Immediately after each of these
observations, the behaviors seen were recorded on a checklist.
In this way, each mother-litter combination was observed 700
times from PND2 to PND8 (7 days × five sessions per day × 20
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observations per session). Red lights were used during the dark
phase to enable behavioral assessment. The following behavioral
features were scored (see also: Myers et al., 1989; Champagne
et al., 2003): mother away from the nest (i.e., the mother is not in
contact with the pups), mother licking the pups (i.e., the mothers
display a licking or grooming spell directed at the pups), mother
self-grooming (i.e., the mothers display a self-licking or grooming
spell), non-arched-back nursing (i.e., the pups have access to
the nipples, but the mother did not extend her legs, includes
passive nursing and blanket nursing), arched-back nursing (i.e.,
the mother presents her nipples to the pups by arching over the
pups).
BEHAVIORAL STUDIES
The cross-fostered and unfostered pups (at ∼PND 60) and
the cross-fostering and unfostering mothers (at ∼2 weeks after
weaning) were subjected to an open field test and the apomor-
phine susceptibility test. For the open field experiment, rats were
placed in the middle of a square black table (160 × 160 cm;
95 cm elevated above the floor) surrounded by a white back-
ground illuminated by white light of 80 Lux at the middle of
the open field (Verheij et al., 2008). The activity was recorded
with a video camera for a period of 30 min. and analyzed with
a computerized tracking system, as described by Cools et al.
(1990). Two weeks after the open field test, the animals were
subjected to the apomorphine susceptibility test, as described
by Cools et al. (1990). The animals received an injection of
1.5 mg/kg apomorphine (s.c.) and were placed in a gnawing box
(69 × 69 × 25 cm) with a central cubical (25 × 25 × 25 cm)
which contained 32 holes (diameter approximately 3 cm), each
of which was surrounded by five concentric ridges (Ljungberg
and Ungerstedt, 1978). A microphone was placed underneath the
central cubicle to allow registration and automatically scoring
of the gnawing counts (Cools et al., 1990). Since the gnaw-
ing of APO-SUS rats facing one of the corners, instead of
the gnawing holes, could not be automatically recorded, we
excluded APO-SUS animals that spent more than 12% of the
total observation time (45 min.) in the corners (Cools et al.,
1990).
STATISTICS
Maternal care was statistically analyzed using a two-way ANOVA
with the factors rat type (APO-SUS and APO-UNSUS) and
treatment (cross-fostered and unfostered), followed by post hoc
Student’s t-tests where appropriate. The level of significance was
set at p < 0.05. Given that open field locomotor activity of the
pups at adulthood (t(141) =−6.3, p< 0.05) and weight at PND28
(t(134) = 2.5, p < 0.05) significantly differed between control
males and females, the results regarding these two measures
were analyzed per gender (see Figures 2, 4 below). Maternal
care received by the pups was analyzed in groups containing
at least six mothers per group. The groups in which the mea-
surements in the (grown-up) pups were obtained (weight, open
field and apomorphine-induced gnawing score) consisted of at
least 20 animals and were derived from at least four different
nests. Data are expressed as average ± standard error of mean
(SEM).
RESULTS
APO-SUS- AND APO-UNSUS-SPECIFIC EFFECTS OF CROSS-FOSTERING
APO-SUS- and APO-UNSUS-specific effects of cross-fostering
were found for all measures of maternal care (except for licking
of the pups). A two-way ANOVA revealed significant rat type ×
treatment interactions for non-arched-back nursing (F(1,40) =
36.7, p < 0.05), arched-back nursing (F(1,40) = 4.89, p < 0.05),
the frequency of the mother away from the nest (F(1,40) = 12.37,
p< 0.05) and the self-grooming frequency of the mother (F(1,40) =
12.94, p< 0.05). In addition, cross-fostering differentially affected
the weights of the APO-SUS and APO-UNSUS pups (rat type ×
treatment interaction: males F(1,162) = 33.47, p < 0.05, females
F(1,171) = 7.61, p < 0.05). Rat-type-specific effects of the cross-
fostering were also found at adulthood (gnawing: F(1,38) = 5.16,
p < 0.05). The results of the post hoc analyses are described
below.
MATERNAL CARE RECEIVED BY THE APO-SUS AND APO-UNSUS PUPS
Cross-fostered APO-SUS pups received significantly more non-
arched-back nursing (t(22) = −5.2, p < 0.05, Figure 1A), which
was accompanied by a similar decrease in arched-back nurs-
ing (t(22) = 4.4, p < 0.05, Figure 1B). The other maternal
behaviors (mother away: t(22) = 1.2, n.s., Figure 1C; mother
self-grooming: t(22) = 1.2, n.s., Figure 1D; mother licking the
pups: t(22) = 0.5, n.s, data not shown) were not different
between cross-fostered and unfostered APO-SUS nests. In con-
trast, cross-fostered APO-UNSUS pups received significantly less
non-arched-back nursing (t(18) = 3.6, p < 0.05, Figure 1E), but
arched-back nursing was not significantly different (t(18) = 0.8,
n.s, Figure 1F). The APO-SUS mothers fostering APO-UNSUS
pups were more frequently away from their nests (t(18) = −3.9,
p < 0.05, Figure 1G) and showed more frequently self-grooming
(t(18) = −3.3, p < 0.05, Figure 1H). Licking of the pups by the
mother was not significantly different between cross-fostered and
unfostered APO-UNSUS nests (t(18) = 0.1, p < 0.05, data not
shown).
WEIGHTS OF APO-SUS AND APO-UNSUS PUPS AT PND28
As previously shown (Degen et al., 2005), unfostered APO-SUS
pups were heavier than unfostered APO-UNSUS pups (male:
t(67) = 2.7, p < 0.05, correlation with nest size p < 0.05
(Pearson’s analysis); female: t(64) = 6.3, p < 0.05, correlation
with nest size p < 0.05 (Pearson’s analysis). Cross-fostered
APO-SUS pups weighed significantly more than unfostered
APO-SUS pups at PND28 (male: t(89) = 4.2, p < 0.05,
Figure 2A; female: t(87) = 2.5, p < 0.05, Figure 2C), whereas
cross-fostering resulted in a significant (male-specific) reduc-
tion of body weights in APO-UNSUS pups at PND28 (male:
t(73) = −4.6, p < 0.05, Figure 2B; female (t(84) = −1.5, n.s.,
Figure 2D).
BEHAVIOR OF UNFOSTERED/CROSS-FOSTERED APO-SUS AND
APO-UNSUS ANIMALS AT ADULTHOOD
Cross-fostered APO-SUS pups showed a decreased apomorphine-
induced gnawing score at adult age compared to unfostered
APO-SUS animals (t(186) = −2.0, p < 0.05, Figure 3A), whereas
cross-fostered APO-UNSUS pups displayed no change in
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FIGURE 1 | Maternal care received from PND2 to PND8 by
APO-SUS (left panel) and APO-UNSUS pups (right panel) when
being unfostered (UF; white bars) or cross-fostered (CF; black
bars). (A and E): non-arched-back nursing; (B and F): arched-back
nursing; (C and G): mother away; (D and H): self-grooming. The total
number of observations per nest was 700. * p < 0.05. Note: To avoid
nest disturbance, gender-specific maternal care was not analyzed (see
Section Discussion).
apomorphine-induced gnawing at adulthood (t(93) = −0.83,
n.s., Figure 3B). A small, but significant, (male-specific)
decrease of novelty-induced locomotor activity was observed in
cross-fostered APO-UNSUS pups at adult age (male: t(88) =−2.1,
p < 0.05, Figure 4B; female: t(97) = −1.4, n.s., Figure 4D). In
contrast, cross-fostering had no effect on locomotor activity on
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FIGURE 2 | Weights at PND 28 of male (A) and female (B) APO-SUS, as well as male (C) and female (D) APO-UNSUS pups after being unfostered (UF;
white bars) or cross-fostered (CF; black bars). * p < 0.05.
FIGURE 3 | Apomorphine-induced gnawing of APO-SUS (A) and APO-UNSUS (B) rats after being unfostered (UF; white bars) or cross-fostered (CF;
black bars) in their early life. * p < 0.05. Note: No gender differences were observed.
the open field in APO-SUS rats at adulthood (male: t(99) =−0.17,
n.s., Figure 4A; female: t(78) =−1.1, n.s., Figure 4C).
BEHAVIOR OF THE APO-SUS AND APO-UNSUS MOTHERS AFTER
WEANING
Two weeks after the mothers were separated from their
pups, APO-SUS mothers having fostered APO-UNSUS pups
showed a significant increase in apomorphine-induced gnaw-
ing when compared to APO-SUS mothers that had fostered
their own pups (t(21) = 2.4, p < 0.05, Figure 5A), whereas
cross-fostering had no effect on the gnawing behavior of
the APO-UNSUS mothers (t(17) = 0.2, n.s., Figure 5B).
The novelty-induced locomotor activity on the open field
did not significantly differ between mothers having fostered
their own pups and mothers having fostered pups of their
phenotypic counterpart (APO-SUS mothers: t(16) = −1.1,
n.s.; APO-UNSUS mothers: t(16) = −0.4, n.s., data not
shown).
A summary of the results from our cross-fostering experiments
with APO-SUS and APO-UNSUS rats is presented in Table 1.
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FIGURE 4 | Novelty-induced locomotion in male APO-SUS (A) and APO-UNSUS (B) pups as well as female APO-SUS (C) and APO-UNSUS (D) pups
after being unfostered (UF; white bars) or cross-fostered (CF; black bars). * p < 0.05.
FIGURE 5 | Apomorphine-induced gnawing of APO-SUS (A) and APO-UNSUS (B) mothers after fostering their own pups (white bars) or fostering
pups from their phenotypic counterpart (black bars). * p < 0.05.
DISCUSSION
In this study, we performed cross-fostering experiments to deter-
mine whether a change in the maternal care of pups may
alter their later-life phenotypes and what the effects of dis-
rupted mother-pup interactions are on the dams. An impor-
tant indicator reflecting the quality of maternal care received
by a pup constitutes its body weight. The body weight of a
pup is known to be heavily determined by the amount of
nutrients and body warmth provided by the mother (Stone
et al., 1976; Smart et al., 1983). With respect to nutritional
supply, it is important to note that maternal care can be pro-
vided by arched-back or non-arched-back nursing. Despite the
fact that the non-arched-back position is generally considered
to be less favorable for feeding than the arched-back position
(Lonstein et al., 1998), we found that in cross-fostered APO-
SUS pups an increase of non-arched-back nursing, together with
a similar decrease of arched-back nursing, was accompanied
by increased body weights. Apparently, despite this form of
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Table 1 | Overview of the results from the cross-fostering experiments with APO-SUS and APO-UNSUS rats.
PND2—8 PND28 Adulthood (>PND60)
Maternal care received Weight Open field Gnawing score
CF vs. UF APO-SUS rats Non-arched-back-nursing ↑
Arched-back nursing ↓
↑ = ↓
CF vs. UF APO-UNSUS rats Non-arched-back nursing ↓
Mother away ↑
Mother self-grooming ↑
↓ (males) ↓ (males) =
Maternal care was scored from PND2 to PND8. At weaning (PND28), the weights of the cross-fostered (CF) and unfostered (UF) pups were determined. The
phenotypes of the grown-up pups were determined after PND60.
behavioral competition (i.e., non-arched-back nursing replaces
arched-back nursing), the APO-SUS pups were still able to suckle
the nipples to receive enough milk even when the APO-UNSUS
mother was in a less favorable position. In addition, the more
pronounced skin-to-skin warmth provided by the higher level
of non-arched-back nursing of the APO-UNSUS mothers may
also have contributed to the observed increased body weights of
the cross-fostered APO-SUS pups. The decrease in non-arched-
back nursing received by APO-UNSUS pups when they were
fostered by APO-SUS mothers likely results not only in less
milk received by the pups but also in less skin-to-skin warmth
(Kojima and Alberts, 2011). The decreased non-arched-back
nursing received by cross-fostered APO-UNSUS pups was indeed
accompanied by a decrease in their body weights. These obser-
vations indicate that APO-SUS mothers fostering APO-UNSUS
pups provided less maternal care than cross-fostering APO-
UNSUS mothers. Cross-fostering APO-SUS mothers showed
indeed more self-grooming and more time away from the pups.
The lower quality of maternal care provided by cross-fostering
APO-SUS vs. APO-UNSUS mothers may be explained by the
fact that APO-SUS rats show a stronger and longer endocrine,
neurochemical, and subsequently behavioral response to envi-
ronmental challenges (i.e., in this study exposure to pups of
their phenotypic counterpart) than APO-UNSUS rats (Rots et al.,
1995).
Ellenbroek et al. (2000) have previously found that cross-
fostering reduced apomorphine-induced gnawing in APO-SUS,
but not in APO-UNSUS rats. The more pronounced decrease
of cross-fostering-induced gnawing observed in the previous
study may be due to the fact that here we used an APO-
SUS rat line resulting from a different pharmacogenetic selec-
tion and bred for 12 more generations than the previous
line. Importantly, in the present study we performed addi-
tional behavioral studies showing that cross-fostering reduces
novelty-induced locomotion in APO-UNSUS but not in APO-
SUS rats. The observed decrease in body weight and the more
extreme phenotype (i.e., reduced locomotion) in cross-fostered
APO-UNSUS rats may be attributed to the less appropriate
maternal care of APO-SUS mothers (i.e., less non-arched-back
nursing, more observations of the mother being away and more
self-grooming). In contrast, the observed increase in body weight
and the normalization of the phenotype (i.e., reduced gnawing)
in cross-fostered APO-SUS rats may very well be explained by
the more appropriate maternal care provided by APO-UNSUS
mothers (i.e., more non-arched-back nursing, and no change
in the number of observations of the mother being away or
self-grooming).
In order to disturb the nests as little as possible, we per-
formed whole-nest observations, which implied that maternal
care could not be analyzed per pup. In contrast, in other
studies the nests have been disturbed to examine mother-
pup interactions per pup—either by labeling the pups indi-
vidually (Champagne et al., 2003) or by adjusting the gender
composition of the litter to obtain either single-sex (male or
female) or mixed-sex (half male and half female) litters (Hao
et al., 2011). Interestingly, in the latter study mothers were
found to spend more time licking male than female pups,
presumably explaining that maternal deprivation had oppo-
site effects on neurodevelopment between males and females
(Oomen et al., 2009). The sex-specific effects of cross-fostering
on pup body weight and adult open field behavior that we
observed, suggest that cross-fostering APO-SUS and APO-
UNSUS mothers may also have taken care of male and female
pups differently.
To our knowledge, the effects of cross-fostering on the mothers
themselves have not been described before. In this study, we
observed 2 weeks after weaning an increase in apomorphine-
induced gnawing in APO-SUS mothers that fostered APO-
UNSUS pups, whereas APO-UNSUS mothers were unaffected
by cross-fostering. We hypothesize that this long-lasting increase
in apomorphine-induced gnawing (reflecting a more extreme
phenotype) is due to the exposure to pups of a different
phenotype, resulting in a stronger and longer-lasting stress
response in APO-SUS than APO-UNSUS mothers (see also
Rots et al., 1995). Indeed, chronic stress has been found to
increase apomorphine-induced stereotypic behavior (Cabib et al.,
1984).
CONCLUSIONS
Although most mother-pup interaction studies have focused on
the role of arched-back nursing (Caldji et al., 2003; Champagne
et al., 2003; Daskalakis et al., 2012), we demonstrate that non-
arched-back nursing is also important for the proper growth
of the pups. In addition, the more stress-sensitive APO-SUS
rats (Rots et al., 1995) provide less maternal care when they
foster APO-UNSUS pups, resulting in pups with reduced body
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weights and more extreme adult phenotypes. The finding that
the body weights of APO-SUS pups increased and the adult
phenotypes of these animals became less extreme after being
fostered by relatively stress-resistant APO-UNSUS mothers opens
the intriguing perspective for early-life environmental interven-
tion approaches (e.g., prevent exposure to stressful events) in
humans predisposed to schizophrenia. Finally, cross-fostering not
only influences the quality of maternal care, but may also have
a long-lasting impact on stress-sensitive mothers. This may very
well affect the phenotype of the next litter of these mothers. In
conclusion, the effect of cross-fostering is not only determined by
the background of the pups and their mother, but also by mother-
pup interactions.
ACKNOWLEDGMENTS
We thank Dr. Bart Ellenbroek (Victoria University of Welling-
ton, New Zealand) for his helpful comments. This research
was supported by grant T5-209 from the Dutch Top Institute
Pharma.
REFERENCES
Ayhan, Y., Sawa, A., Ross, C. A., and Pletnikov, M. V. (2009). Animal models of
gene-environment interactions in schizophrenia. Behav. Brain Res. 204, 274–
281. doi: 10.1016/j.bbr.2009.04.010
Cabib, S., Puglisi-Allegra, S., and Oliverio, A. (1984). Chronic stress enhances
apomorphine-induced stereotyped behavior in mice: involvement of
endogenous opioids. Brain Res. 298, 138–140. doi: 10.1016/0006-8993(84)
91156-9
Caldji, C., Diorio, J., and Meaney, M. J. (2003). Variations in maternal
care alter GABA(A) receptor subunit expression in brain regions associ-
ated with fear. Neuropsychopharmacology 28, 1950–1959. doi: 10.1038/sj.npp.
1300237
Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., and Meaney,
M. J. (1998). Maternal care during infancy regulates the development of neural
systems mediating the expression of fearfulness in the rat. Proc. Natl. Acad. Sci.
U S A 95, 5335–5340. doi: 10.1073/pnas.95.9.5335
Champagne, F. A., Francis, D. D., Mar, A., and Meaney, M. J. (2003). Varia-
tions in maternal care in the rat as a mediating influence for the effects of
environment on development. Physiol. Behav. 79, 359–371. doi: 10.1016/s0031-
9384(03)00149-5
Chung, S., Verheij, M. M., Hesseling, P., Van Vugt, R. W., Buell, M., Belluzzi, J. D.,
et al. (2011). The melanin-concentrating hormone (MCH) system modulates
behaviors associated with psychiatric disorders. PLoS One 6:e19286. doi: 10.
1371/journal.pone.0019286
Cools, A. R., Brachten, R., Heeren, D., Willemen, A., and Ellenbroek, B.
(1990). Search after neurobiological profile of individual-specific features
of Wistar rats. Brain Res. Bull. 24, 49–69. doi: 10.1016/0361-9230(90)
90288-b
Daskalakis, N. P., Oitzl, M. S., Schachinger, H., Champagne, D. L., and De
Kloet, E. R. (2012). Testing the cumulative stress and mismatch hypotheses of
psychopathology in a rat model of early-life adversity. Physiol. Behav. 106, 707–
721. doi: 10.1016/j.physbeh.2012.01.015
Degen, S. B., Ellenbroek, B. A., Wiegant, V. M., and Cools, A. R. (2005). The
development of various somatic markers is retarded in an animal model for
schizophrenia, namely apomorphine-susceptible rats. Behav. Brain Res. 157,
369–377. doi: 10.1016/j.bbr.2004.08.002
Ellenbroek, B. A., and Cools, A. R. (2002). Apomorphine susceptibility and animal
models for psychopathology: genes and environment. Behav. Genet. 32, 349–
361. doi: 10.1023/A:1020214322065
Ellenbroek, B. A., Geyer, M. A., and Cools, A. R. (1995). The behavior of APO-SUS
rats in animal models with construct validity for schizophrenia. J. Neurosci. 15,
7604–7611.
Ellenbroek, B. A., Sluyter, F., and Cools, A. R. (2000). The role of genetic and early
environmental factors in determining apomorphine susceptibility. Psychophar-
macology (Berl) 148, 124–131. doi: 10.1007/s002130050033
Francis, D., Diorio, J., Liu, D., and Meaney, M. J. (1999). Nongenomic transmission
across generations of maternal behavior and stress responses in the rat. Science
286, 1155–1158. doi: 10.1126/science.286.5442.1155
Fryers, T., and Brugha, T. (2013). Childhood determinants of adult psy-
chiatric disorder. Clin. Pract. Epidemiol. Ment. Health 9, 1–50. doi: 10.
2174/1745017901309010001
Galletly, C., Van Hooff, M., and Mcfarlane, A. (2011). Psychotic symptoms in young
adults exposed to childhood trauma—a 20 year follow-up study. Schizophr. Res.
127, 76–82. doi: 10.1016/j.schres.2010.12.010
Hao, Y., Huang, W., Nielsen, D. A., and Kosten, T. A. (2011). Litter gender
composition and sex affect maternal behavior and DNA methylation levels of
the oprm1 gene in rat offspring. Front. Psychiatry 2:21. doi: 10.3389/fpsyt.2011.
00021
Insel, T. R. (2010). Rethinking schizophrenia. Nature 468, 187–193. doi: 10.
1038/nature09552
Karl, T. (2013). Neuregulin 1: a prime candidate for research into gene-
environment interactions in schizophrenia? Insights from genetic
rodent models. Front. Behav. Neurosci. 7:106. doi: 10.3389/fnbeh.2013.
00106
Kojima, S., and Alberts, J. R. (2011). Warmth from skin-to-skin contact with
mother is essential for the acquisition of filial huddling preference in prewean-
ling rats. Dev. Psychobiol. 53, 813–827. doi: 10.1002/dev.20565
Ljungberg, T., and Ungerstedt, U. (1978). A method for simultaneous record-
ing of eight behavioral parameters related to monoamine neurotransmis-
sion. Pharmacol. Biochem. Behav. 8, 483–489. doi: 10.1016/0091-3057(78)
90088-6
Lonstein, J. S., Simmons, D. A., and Stern, J. M. (1998). Functions of the caudal
periaqueductal gray in lactating rats: kyphosis, lordosis, maternal aggression
and fearfulness. Behav. Neurosci. 112, 1502–1518. doi: 10.1037/0735-7044.112.
6.1502
Myers, M. M., Brunelli, S. A., Squire, J. M., Shindeldecker, R. D., and Hofer,
M. A. (1989). Maternal behavior of SHR rats and its relationship to off-
spring blood pressures. Dev. Psychobiol. 22, 29–53. doi: 10.1002/dev.4202
20104
Oomen, C. A., Girardi, C. E., Cahyadi, R., Verbeek, E. C., Krugers, H., Joels, M.,
et al. (2009). Opposite effects of early maternal deprivation on neurogenesis
in male versus female rats. PLoS One 4:e3675. doi: 10.1371/journal.pone.
0003675
Rots, N. Y., Cools, A. R., De Jong, J., and De Kloet, E. R. (1995). Corticos-
teroid feedback resistance in rats genetically selected for increased dopamine
responsiveness. J. Neuroendocrinol. 7, 153–161. doi: 10.1111/j.1365-2826.1995.
tb00678.x
Sequeira-Cordero, A., Masis-Calvo, M., Mora-Gallegos, A., and Fornaguera-Trias,
J. (2013). Maternal behavior as an early modulator of neurobehavioral offspring
responses by Sprague-Dawley rats. Behav. Brain Res. 237, 63–70. doi: 10.1016/j.
bbr.2012.09.028
Smart, J. L., Stephens, D. N., and Katz, H. B. (1983). Growth and development of
rats artificially reared on a high or a low plane of nutrition. Br. J. Nutr. 49, 497–
506. doi: 10.1079/bjn19830058
Stone, E. A., Bonnet, K. A., and Hofer, M. A. (1976). Survival and development of
maternally deprived rats: role of body temperature. Psychosom. Med. 38, 242–
249. doi: 10.1097/00006842-197607000-00002
Sullivan, P. F., Kendler, K. S., and Neale, M. C. (2003). Schizophrenia as a complex
trait: evidence from a meta-analysis of twin studies. Arch. Gen. Psychiatry 60,
1187–1192. doi: 10.1001/archpsyc.60.12.1187
Tsuang, M. T., Bar, J. L., Stone, W. S., and Faraone, S. V. (2004). Gene-environment
interactions in mental disorders. World Psychiatry 3, 73–83.
van der Elst, M. C., Verheij, M. M., Roubos, E. W., Ellenbroek, B. A., Veening,
J. G., and Cools, A. R. (2005). A single exposure to novelty differentially
affects the accumbal dopaminergic system of apomorphine-susceptible and
apomorphine-unsusceptible rats. Life Sci. 76, 1391–1406. doi: 10.1016/j.lfs.2004.
10.023
van der Elst, M. C., Wunderink, Y. S., Ellenbroek, B. A., and Cools,
A. R. (2007). Differences in the cellular mechanism underlying the effects
of amphetamine on prepulse inhibition in apomorphine-susceptible and
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 268 | 8
van Vugt et al. Maternal care affects APO-SUS phenotype
apomorphine-unsusceptible rats. Psychopharmacology (Berl) 190, 93–102.
doi: 10.1007/s00213-006-0587-9
van Os, J., Kenis, G., and Rutten, B. P. (2010). The environment and schizophrenia.
Nature 468, 203–212. doi: 10.1038/nature09563
Verheij, M. M., de Mulder, E. L., De Leonibus, E., Van Loo, K. M., and Cools, A. R.
(2008). Rats that differentially respond to cocaine differ in their dopaminergic
storage capacity of the nucleus accumbens. J. Neurochem. 105, 2122–2133.
doi: 10.1111/j.1471-4159.2008.05323.x
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 02 June 2014; accepted: 20 July 2014; published online: 11 August 2014.
Citation: van Vugt RWM, Meyer F, van Hulten JA, Vernooij J, Cools AR, Verheij
MMM and Martens GJM (2014) Maternal care affects the phenotype of a rat model
for schizophrenia. Front. Behav. Neurosci. 8:268. doi: 10.3389/fnbeh.2014.00268
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 van Vugt, Meyer, van Hulten, Vernooij, Cools, Verheij and Martens.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 268 | 9
